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INTRODUCTION
Mesenchymal cells of the intestinal lamina propria are a heterogeneous population of non-hematopoietic, non-epithelial cell types that play instrumental roles in innate immunity, immune regulation, and epithelial barrier maintenance (Nowarski et al., 2017) . Their functions are impaired in inflammatory bowel disease (IBD), where they shape the inflammatory milieu, development of bowel strictures, and inflammation-associated cancers via poorly defined pathways. The major intestinal tissue stromal cell subsets are classified as fibroblasts, a smooth muscle actin (a-SMA)-expressing myofibroblasts, and perivascular pericytes (Roulis and Flavell, 2016) . However, these cells express overlapping marker genes, which has prevented delineating cell-typespecific functions and ontogeny at a genetic level.
We also do not know the specific mechanisms by which colonic mesenchymal cells direct intestinal epithelial cell function. The intestinal epithelium comprises a monolayer of polarized columnar cells organized along the crypt-villus axis. Intestinal stem cells reside at the base of crypts and receive constant nourishment from the surrounding niche for maintenance, selfrenewal, and differentiation. Intestinal mesenchymal cells help maintain the stem cell niche by producing Wnt agonists and antagonists, bone morphogenetic proteins (BMPs), and other molecules such as Noggin, Chordin, and R-spondins. Deregulated expression of these genes leads to colitis, impaired intestinal wound healing, or colon tumorigenesis (Koch, 2017) . Although these individual molecules play defined roles in barrier maintenance, the originating cell types remain undefined. Colonic mesenchymal cells also influence intestinal mucosal immune cell function during development, inflammation, and tissue repair, shifting between immunosuppressive or pro-inflammatory states to determine the function of immune cells populating connective tissue (Bernardo and Fibbe, 2013) .
Despite the growing recognition that colonic mesenchyme signals maintain epithelial barrier integrity and immune homeostasis, the identity of intestine-specific mesenchymal subtypes and the molecular attributes that regulate niche (A) Flow cytometry analysis of the indicated surface markers on colonic single-cell suspensions following removal of epithelial and hematopoietic cells by MACS. Column flow-through is shown in red, and column-retained fraction is in blue. (B) t-SNE plot of the healthy human colonic mesenchyme dataset. Single cells colored by cluster annotation. (C) Violin plots for pan-fibroblast marker genes vimentin (VIM) and collagen types 1 and 3 (COL1A2, COL3A1) across clusters. (D) Violin plots for high-ranked transcriptional regulators and marker genes sharing GO annotation for significantly enriched terms for (i) S1 subset, (ii) S2 subset, (iii) S3 subset, (iv) S4 subset, and (v) myofibroblasts. Crossbars indicate median expression.
(legend continued on next page) maintenance or disease remodeling have not so far been described. Single-cell RNA sequencing (scRNA-seq) has emerged as a powerful tool to define the heterogeneity of poorly classified tissue populations and disease-associated cell states. Using scRNA-seq, we identified and characterized colonic mesenchymal subsets including those that are key mediators of epithelial cell self-renewal and immune homeostasis and defined their functional contribution to inflammation in IBD patients and a murine colitis model.
RESULTS

Single-Cell Profiling of Human Colonic Stromal Cells
Colonic tissue was obtained from healthy individuals undergoing screening colonoscopy or newly diagnosed IBD patients who had not received immunotherapies to avoid the effects of drug treatment on observed molecular signatures. We applied a negative selection protocol to facilitate unbiased capture of a cross-section of mesenchymal cells. We dissociated whole biopsies into single cells using magnetic-activated cell sorting (MACS) microbeads to deplete EPCAM + , CD45 + , and CD235a + cells. Flow cytometry analysis confirmed depleted epithelial and immune cells and enriched THY1 (CD90), a known stromal marker ( Figure 1A) . We then performed scRNA-seq on mesenchymal cells from 5 healthy individuals and 5 newly diagnosed IBD patients (Table S1 ).
Unbiased Classification of EPCAM -CD45 -Colonic Mesenchymal Cells in Health
During our initial examination, we surveyed 301 cells using the C1 Fluidigm platform. Unsupervised clustering analysis revealed five distinct cell types (Figures S1A and S1D), each exhibiting similarly high expression of pan-fibroblast markers, such as the intermediate fiber vimentin and collagen types 1 and 3 (VIM, COL1A2, COL3A1) ( Figure S1B ). We designated one cluster myofibroblasts (MFs) based on high expression of contractile genes (e.g., MYH11 and ACTG2), while the remaining clusters designated stromal 1-4 (hereafter S1-S4) expressed fibroblast-associated but not contractile genes and showed dissimilar transcriptional profiles and ontology enrichment (Figures S1C and S1E; Table S2 ).
We then cataloged 4,378 human colonic mesenchymal cells from healthy individuals using droplet based 10x Genomics scRNA-seq to obtain a higher-resolution map. The results using this approach complemented those using the C1 Fluidigm platform. Clustering detected 11 distinct cell clusters consisting of as few as 41 cells (S4) to 1,920 cells (S1) per cluster ( Figure 1B) . Two clusters of endothelial cells showed marked expression of PECAM1, glial cells showed S100B expression, pericytes expressed RGS5, and plasma cells were identified by SDC1 expression. We identified the remaining clusters as counterparts to fibroblast-like cell types revealed by our initial survey (Figures S1G, 1B, and 1C) . Myofibroblasts were defined by gene ontology (GO) terms ''muscle system process'' and ''muscle contraction'' ( Figure S2A ), as well as expression of contractile genes, a-SMA (ACTA2) and transcription factors not previously linked to myofibroblasts, which may enable future explorations of ontogeny of these cells (Figure 1Dv ). S1 GO enrichment terms included ''positive regulation of locomotion,'' ''response to tumor necrosis factor,'' and ''ERK1 and ERK2 cascade'' ( Figure S2B ). Examples of preferentially induced genes included APOE, CCL8, FABP5, ADAMDEC1 (Figure 1Di ). Stromal sub-populations showed enrichment for genes annotated with ''extracellular matrix''-related GO terms ( Figure S2 ), a central fibroblast function, but they differed in the expression of specific forms of collagen. S1 enriched for non-fibrillar collagens (COL14A1, COL15A) and elastic fibers (FBLN1, FBLN2, FBLN5, EFEMP1, FN1), while S2 showed specific expression of sheet collagens (COL4A5, COL4A6) that are key constituents of the epithelial basement membrane, which suggests S2 may play a role in epithelial barrier maintenance ( Figure S1C ; Table S3 ). S2, marked by expression of the transcription factor SOX6 (Figure 1Dii ), consisted of two similar sub-clusters designated 2a and 2b ( Figure 1B ). S2 had high expression of transforming growth factor b (TGF-b) superfamily ligands (BMP2 and BMP5), non-canonical Wnt ligands (WNT5A and WNT5B), and the secreted Wnt antagonist FRZB (Figures 1Dii and S1C ). WNT5A is essential for epithelial reconstitution after injury via a mechanism that involves potentiation of TGF signaling (Miyoshi et al., 2012) . S2 also expressed high levels of periostin (POSTN) ( Figure 1D , ii), which is essential for tissue repair but can also promote tumorigenesis (Bao et al., 2004) . The combination of factors secreted by S2 indicates it may contribute to epithelial stem cell proliferation and differentiation and constitute an important mesenchymal niche cell. S3 GO enrichment included ''supramolecular fiber organization'' and ''extracellular cluster organization' (Figures S2D and 1Diii) , whereas S4, which consisted of very few cells in healthy mesenchyme, showed enriched GO terms, including ''cytokine signaling pathway,'' ''positive regulation of cell adhesion,'' and ''T cell activation'' ( Figure S2E ).
We next sought to define the tissue distribution of these newly identified mesenchymal subsets using immunohistochemistry (IHC) and single-molecule in situ hybridization (sm-ISH). We detected S1 markers (ADAMDEC1, DCN, SLIT2, CXCL12) in mesenchymal cells distributed throughout the lamina propria, while S2 markers (F3 [CD142], WNT5A, WNT5B, BMP2, BMP5, FRZB, POSTN, HSD17B2) were restricted to a smaller subpopulation in close proximity to the epithelial monolayer. This precise anatomical localization, in combination with their epithelial regeneration-associated gene expression profile, indicates a likely role for S2 in directing the function of epithelial progenitors and epithelial homeostasis ( Figure 1E ). We further validated the existence of these new populations by flow cytometry analysis of fibroblasts from healthy human colonic tissue. Here, we distinguished distinct populations of SOX6 À ZEB2 + /ZEB1 À ZEB2 + S1 and SOX6 + ZEB2 À /ZEB1 + ZEB2 À S2 cells ( Figure 1F ). We quantified the spatial segregation of stromal subset markers by IHC and co-staining colonic tissue sections with antibodies detecting a key marker protein from each new subset together with CD45 to distinguish immune cells. Figure 1G shows distinct segregation of the three proteins marking the novel subsets from each other and immune cells in a quadruple stain in healthy human colonic tissue.
We examined differentially expressed genes between S2a and S2b, the crypt niche population. 302 marker genes differentiated these closely related sub-clusters ( Figure 1H ; Table S4 ). Examples of genes segregating S2 into sub-clusters a and b included BMP7, WNT5a, CPM, PTX3, LTBP1, and GJA1 (Figure 1I) . We further examined the S2a and S2b sub-clusters by comparing their over-represented GO terms in positive marker genes for S2a and S2b sub-clusters ( Figure 1J ). This analysis revealed S2a expressed genes with GO relating to ''BMP signaling and response,'' whereas S2b expressed factors relating to ''response to wound healing'' and ''regulation of epithelial cell proliferation.'' Overall, our data identified new and distinct colonic mesenchymal subsets with specific functional properties that exhibited unique marker gene expression and anatomical location within the lamina propria. In particular, we identified a putative intestinal crypt niche mesenchymal cell (S2a and S2b) hallmarked by gene expression required for epithelial progenitor cell function and proliferation.
Creating a Mesenchymal Atlas of Stromal Cells from Ulcerative Colitis Patients
To uncover the role of our newly identified mesenchymal subsets in IBD, we investigated changes in their composition and gene expression at the single-cell level in patients with ulcerative colitis (UC). scRNA-seq of UC colonic mesenchyme revealed 12 distinct clusters of cells. A random forest classifier trained using the data from healthy patients guided the identification of corresponding UC cell clusters. We readily identified the same clusters as detected in healthy mucosa, except an additional small cluster of pericytes ( Figure 2A) . A healthy and UC cluster marker gene overlap correlation heatmap showed major cell types were preserved in UC ( Figure 2B ). We identified changes in the proportions of various clusters including expansion of endothelial cells and pericytes. Within the stromal subsets, we observed expansion of S4 that was barely detectable in the healthy mesenchyme ( Figure 2A ). This finding is consistent with our preliminary data using the C1 Platform (Figures S1A and S1D; Table S5 ).
We further explored the nature of S4. GO enrichment terms for this subset in UC included ''response to tumor necrosis factor,'' ''positive regulation of leukocyte migration,'' and ''response to bacterium'' ( Figure 2C ). Highly ranked S4 markers included fibroblastic reticular cell (FRC)-associated genes, lymphocyte trafficking cytokines (CCL19 and CCL21), T cell co-stimulatory TNF-superfamily ligand (TNFSF14/LIGHT), the major histocompatibility complex (MHC) class II invariant chain (CD74), the molecular chaperone clusterin (CLU), CD24, and interleukin-33 (IL-33) (Figures 2C and S1; Table S5 ). So, scRNA-seq identified expansion of a novel stromal population enriched for pro-inflammatory and FRC genes in UC.
Next, we investigated whether we could detect S4 cells at the protein level in colonic tissue samples from IBD patients. We stained colonic cell suspensions derived from UC patients and healthy controls with antibodies to predicted S4 markers. Colonic stromal cells from active UC showed enriched S4 proteins CD74 and PDPN ( Figure 2D , i). Cells expressing S4 markers CD74, CD24, and PDPN showed increased CCL19 and IL-33 expression ( Figure 2D , ii). Flow cytometry analysis confirmed the expansion of a FDCSP high , CD24 high population of stromal cells in inflamed UC tissue (Figures 2E and S3) . We also found increased FDCSP expression within the lamina propria of inflamed UC tissue sections by sm-ISH ( Figure 2F ).
In addition to expansion of S4 in UC, we observed a decrease in SOX6 + S2 cells in biopsies from inflamed UC colonic tissue when compared to healthy controls ( Figure 2G ), also observed in our preliminary C1 data ( Figure S1F ). Taken together, these findings chart the nature of mesenchymal plasticity in human IBD, demonstrating dysregulation of the crypt niche S2 population, which presents a novel feature of barrier dysfunction in UC. Simultaneously, we observed the emergence of activated S4 equipped to mobilize the immune response and drive tertiary lymphoid follicle formation.
Comparing Murine and Human Colonic Mesenchymal Stromal Cells
Dextran sodium sulfate (DSS) colitis is a commonly used colitis model that leads to a pro-inflammatory phenotype with parallels to human IBD. We predicted similar mesenchymal heterogeneity might exist in murine intestine in health and following DSS challenge. We examined this using the 10x Genomics platform. We divided male C57BL/6 mice into control and treatment groups and administered a DSS challenge ( Figures S4A and S4B ). Stromal cells were enriched from the entire colon by MACS depletion of epithelial and immune cells. Following control cell removal and quality control (QC), 7,171 single cells remained in the analysis (3,817 healthy, 3,354 DSS).
Clustering cells from healthy mice revealed 13 distinct clusters ( Figure 3A and 3C). We readily identified clusters showing specific expression of epithelial (Epcam and Krt19), pericyte (Rgs5 and Pdgfrb), vascular endothelial (Pecam1 / Cd31), lymphatic endothelial (Lyve1), and glial (S100b and Gfap) and hematopoietic cell markers (Cd52 and Ptprc / Cd45) ( Figure 3C ). Cluster 2, a small cluster of 32 cells, expressed markers associated with enteric smooth muscle (Myh11 and Des) and interstitial cells of Cajal (ICCs) (Kit and Ano1). Further examination of this cluster revealed its composition was two distinct sub-clusters consistent with ICCs and smooth muscle cells, respectively ( Figure 3A) . Other low-abundance clusters included enteric glial cells (14 cells) and pericytes (67 cells) ( Figure 3A) . The remaining 6 cell clusters (4-5, 10-13), comprising 3,391 cells or 89% of the dataset were fibroblast-like cells (FLCs) characterized by expression of the pan-fibroblast markers such as Dpt, Col6a2, and Col1a2 ( Figure 3C ). Clusters 4 and 5 also showed a-Sma expression, while only cluster 4 showed significant expression of smooth muscle myosin (Myh11) ( Figure 3C ). We readily identified these six populations as putative counterparts to the stromal cell populations in our human data by cluster marker expression (Table S6 ). Figure 3B shows a phylogenetic tree of healthy murine colonic mesenchymal clusters and Figure 3D differential GO enrichment between these clusters, showing divergent functional specialization. In addition, we observed GO enrichment for myofibroblasts, which enriched predominantly for contractile processes, while the S2 group enriched for TGF-b responses and BMP signaling. The enrichment for ''ameboidal-type cell migration'' seen in S1.1 and S1.3 may represent migratory properties of colonic stroma (Brown et al., 2007) . Murine clusters were assigned identifiers based on the human cluster to which they were most similar. In the case of S1, where a oneto-many relationship was observed, decimal point identifiers were appended to denote sub-clusters. Murine cluster 11 overlapped with human S1 and S3 but showed a close phylogenetic relationship to the other S1 clusters, so it was termed S1.3 ( Figure 3B ).
Overall, key subset-specific marker pairs identified from the human data demonstrated correlated expression in the mouse ( Figure 3E ). Murine S2 markers localized to the same peri-epithelial anatomical location as their human counterparts ( Figure 3F ). We examined how expression of previously reported murine colonic fibroblast markers segregated across mesenchymal subsets identified by scRNA-seq ( Figure 3G ). The mesothelial marker Wt1 showed expression within a small, localized subpopulation of S3 cells (Wilm et al., 2005) . The myofibroblast marker Aoc3 was detected predominantly in the myofibroblast and pericyte clusters (Hsia et al., 2016) . Ptgs2 and Cd44 were detected it at the interface between S1.3 and S2 groups. Pdgfra expression was maximal in S2 though present in all subsets. a-SMA (Acta2) was maximally expressed in smooth muscle with progressive reductions in expression in the myofibroblast, pericyte, and S2 groups. This is consistent with our experimental observation of distinct populations of (legend continued on next page) PDGFRa + and a-SMA + cells, likely S2 and myofibroblasts, in the pericryptal sheath (Kurahashi et al., 2013) . Foxl1 expression, which identifies mesenchymal cells contributing to the epithelial stem cell niche, was localized to myofibroblasts and S2 (Aoki et al., 2016) . Lymphatic endothelial cells showed maximal expression of Thy1 (Cd90), with the S1.2 group showing intermediate expression of this marker (Pinchuk et al., 2008) . We also examined expression of genes utilized for existing stromal Cre recombinase models-Myh11 targeted smooth muscle and myofibroblasts, Cspg4 (Ng2) pericytes, and Fap S3. By ranking the scRNA-seq-derived subset marker genes by specificity, we could propose novel candidates for construction of selective models targeting individual stromal subsets ( Figure 3H ).
Inference of Stromal Subtype Relationship by Diffusion Pseudo-time
The complete transcriptome data from healthy stromal cells allowed us to interrogate the relationships between these cells. We conducted diffusion pseudo-time analysis to order mesenchymal cells in pseudo-time to infer their developmental trajectories. Non-fibroblast cell types were first removed from the control dataset as these were considered unlikely to form part of the same developmental hierarchy. We also removed the myofibroblast cluster, as this clustered separately from the remaining fibroblasts in the diffusion map space, and intermediate forms were not observed at this sampling density. The remaining clusters (S1.1, S1.2, S1.3, S2, and S3) produced the branched structure shown in Figure 4A . While any of the three vertices (populated by S1.1, S2, and S3 cells) could represent the origin, S3 was considered the most likely candidate given its expansion and proliferative activity on DSS challenge. So, we calculated diffusion pseudo-time from this point. This placed S2 and S1.1 as fully differentiated states. S1.2 appeared an intermediate state between the crypt niche and parenchymal fibroblast with S1.3 lying between this intermediate state and the crypt niche. Using this model, we could identify genes, such as Ebf1, Thy1, and Adamdec1, predicted to show sequential induction ( Figure 4B ).
Mesenchymal Plasticity in DSS Colitis
We next examined the nature of mesenchymal remodeling following DSS challenge. 3,354 mesenchymal cells were sequenced from DSS-challenged mice, and a random forest classifier was then trained using the healthy dataset. We crosstabulated the results of clustering and random forest classification to determine the identities of the DSS clusters ( Figure 4C ).
Endothelial, lymphatic, pericyte, myofibroblast, S1.1, and S2 clusters were clearly identified (Tables S7 and S8 ). Cells comprising DSS cluster 11 were mostly classified as S1.2, albeit with a minority classified as S1.1. DSS clusters 4-7 were all classified as S3 ( Figure 4D ), suggesting that heterogeneity within the S3 group increased in the presence of DSS-driven inflammation. We examined whether DSS challenge led to the emergence of a population equivalent to the activated S4 population observed in human IBD using cross-tabulation. There was significant overlap between the murine orthologs of S4 markers and murine colonic stroma DSS cluster 7 ( Figure S4C ). Figure 4D shows a phylogenetic tree and identities of murine stromal cell clusters in DSS colitis. We assigned S3 sub-clusters decimal suffixes with the exception of cluster 7, which we labeled as S4 on the basis of its overlap with the corresponding human subset ( Figure S4C ). Among the shared marker genes identified were the FRC-associated chemokine Ccl19 and the IL-1 family alarmin Il33 ( Figure 4E ).
Using the random forest classifier, we quantified changes in stromal subtype composition associated with DSS challenge. We found a significant increase in the relative abundance of S3 cells from 34% to 47% of the dataset ( Figure 4F ). This could arise from differential rates of proliferation or cell loss among other stromal subtypes. To investigate the former, we utilized a cell-cycle classifier to annotate the predicted cell-cycle stage of each cell in the dataset. We determined cell-cycle scores for G1 and G2/M phases for each cell using a panel of gene pairs known to exhibit cell-cycle-stage-specific expression in murine cell lines (Scialdone et al., 2015) . The majority of colonic fibroblastlike cells in both treatment groups were in the G0/G1 phase, as expected. However, there was an increase in G2/M annotated cells on DSS challenge. Pericytes and vascular and lymphatic endothelial cells showed the highest proliferative activity. Among fibroblast-like clusters, the highest G2M proportions were observed in the S3 and S4 subsets, indicating proliferation accounts at least partially for their increased abundance following DSS challenge ( Figure 4G ).
We next determined the identity of the S4 population that expands in both DSS colitis and human IBD. Using published gene expression data to compare the murine colonic mesenchymal subsets we identified with murine blood or lymphatic endothelial cells, pericytes, skin and thymus fibroblasts, and FRCs. This analysis revealed the closest homology between colonic S4 cells with FRCs ( Figure 4H ). Since we identified corresponding clusters of fibroblast-like cells in the healthy and DSS datasets, we performed differential expression analysis between the identified subsets. The transcriptional responses to DSS challenge were dissimilar between mesenchymal subsets ( Figure 4I ).
(D) Selected GO terms showing significant enrichment among top marker genes for stromal clusters. The number of markers identified for each cluster indicated (x axis). Circle size corresponds to the proportion of markers annotated to a given term, while the fill color indicates the adjusted p value. (E) t-SNE expression plots of human fibroblast subset markers in the murine dataset. Cells colored by normalized expression of indicated marker genes. The murine cluster with the highest mean expression is indicated (*). Left, S1; middle, S2; and right, S3 markers. (F) sm-ISH localization of S2 genes (Bmp2 and Wnt5a). (G) Expression of historical murine colonic fibroblast markers segregated across novel mesenchymal clusters identified by scRNA-seq. (H) Candidate molecular markers for future subset characterization. Specificity of candidate marker genes (x axis) for detected fibroblast subsets. Top: Existing markers. Bottom: New markers showing high subset specificity in this dataset. Circle size represents the within-cluster probability of gene detection. Fill color represents normalized mean expression level. See also Figure S4 and Tables S1 and S6.
Divergence between Human and Murine Mesenchyme in Health and Colitis
The DSS-induced mouse model of colitis is widely used to study mechanisms of IBD due to its simplicity and reproducibility, despite some key differences to the human disease. It is impera-tive to understand these differences both at the phenotypic and molecular level. Here, we used random forest models to compare the transcriptional profiles of human and mouse cells ( Figure 5 ).
Initially, we selected cells from major healthy human stromal clusters (S1-S4) to train a four-class model and found it DSS challenge significantly increased the fraction of S3 cells (p = 0.02).
(G) Fibroblast subsets show differential proliferative activity on DSS challenge. Cell-cycle-phase annotation for the healthy and DSS datasets using a pre-trained murine cell-cycle classifier (cyclone, ''pairs'' method). Percentages of cells in G2M phase by cluster (nd, no equivalent cluster detected in dataset).
(H) Phylogenetic tree showing similarity between murine colonic mesenchymal stromal subsets and murine stroma obtained from lymphoid tissue. (I) Stromal subsets show differential responses to DSS challenge. Violin plots for indicated genes significantly induced on DSS challenge in S1-3. Individual cells represented as points. Color scale reflects row-normalized mean expression. Crossbars indicate cluster median expression. See also Figure S4 and Tables S1, S7, and S8.
distinguished equivalent cell types in the human UC dataset with high sensitivity and specificity. ( Figure 5A ). The performance of the classifier on mouse data was notably worse for the S1 subset, as the model often misclassified mouse S1 cells as S3. This result may arise from similarities in S1 and S3 populations in the human samples. Remarkably, the majority of S2 and S3 mouse clusters were classified correctly, which suggests a degree of cross-species conservation in these cell populations. Next, we replicated this result training a reverse model with mouse expression data to classify the human data. Again, this model accurately identified most S2 cells, but it often classified the human S3 cluster as S1 ( Figure 5A ). To investigate how gene expression drove the outcome of the model predictions, we examined how cluster specificity of the most informative genes selected by our human random forest model compared between human and mouse cell clusters. In agreement with the classification results, we found that gene (A) Confusion matrices of human (left) and mouse (right) random forest models applied to independent datasets from the same species and different species show the proportion of real and modelpredicted cell cluster identities for healthy control (HC), human UC, or mouse DSS. (B) Human HC model features scored for cluster specificity in human (hS1, hS2, hS3) and mouse (mS1, mS2, mS3) data. The heatmap shows increasingly positive cluster markers in yellow (>0.5) and increasingly negative cluster markers in purple (<0.5), and non-specific genes in green ( = 0.5). The bar plot shows the correlation between mouse and human marker specificity for each cluster. specificity was most highly correlated between mouse and human S2 clusters, while S1 clusters showed little correlation, indicating less conserved gene expression patterns of this population ( Figure 5B ). For instance, healthy mouse S1 cells almost exclusively express Igfbp3, whereas human S1 cells do not and instead show greatest IGFBP3 expression in S2 and S3 cell populations ( Figure 5C ). Mfap4 is a negative marker for mouse S2 cluster but shows ubiquitous expression across all human stromal clusters ( Figure 5C ). Nonetheless, some key marker genes showed good levels of conservation between mouse and human data, such as the key S2 transcription factor SOX6 ( Figure 5C ). When we analyzed the degree of overlap between human UC and mouse DSS cluster marker genes, we found that the human S1 cluster bore similarities to mouse S3 and S4 clusters, as well as bearing close similarity to human S3 and S4 subtypes, while other cell types showed higher levels of cluster marker preservation (e.g., endothelial cells segregate with endothelial cells, and all contractile types are together regardless of species) ( Figure 5D ). In the scRNA-seq data from healthy human patients, we readily detected two S2 subtypes; however, we did not observe this distinction in our initial mouse cluster analysis. To investigate this disparity, we isolated the S2 cluster from healthy mouse and performed unsupervised clustering analysis on this subset, which yielded two (legend continued on next page) S2 sub-clusters ( Figure 5E ). We could match these subsets to their human 2a and 2b counterparts, owing to the conservation of key marker expression patterns, such as 2a-specific chemokine Cxcl12. We found higher expression of the membrane glycoprotein Nrg1 in the 2b cell population in both human and mouse; however, we found expression of Wnt5a by both 2a-like and 2b-like populations in the mouse ( Figure 5F ), while it was localized to a S2b sub-cluster in human ( Figure 1I ). Similarly, a number of genes initially identified as S2 subtype-specific in humans did not segregate with S2a or 2b-like subsets in mouse (e.g., Apoe) or showed reversed cluster-specificity (e.g., Lum) ( Figure 5G ). It is difficult to determine whether these differences constitute a genuine phenotypic divergence between human and mouse or arose from technical, sampling, or environmental effects. Overall, these observations suggest crypt niche mesenchymal cells (S2) are broadly equivalent between mouse and human, whereas other mesenchymal subsets appear to lack homology, which reflects a lack of conservation for these specialized subsets.
Decreased Mesenchymal Crypt Niche and Expanded Activated Mesenchymal Cell Markers in IBD
We then defined whether the extent of mesenchymal stromal remodeling found at the gene expression level also occurred at the protein level in IBD. We therefore developed a mass cytometry time of flight (CyTOF) panel designed to detect proteins whose expression segregates with the specific new mesenchymal subtypes we identified by scRNA-seq. We used CyTOF to circumvent tissue-associated auto-fluorescence and screened a variety of subset-associated proteins for their utility in CyTOF analysis, including cell-surface molecules, cytokines, and transcription factors ( Figures 6A and S5 ). We observed several disease-associated changes in the UC stroma, exemplified by reduced S2 markers F3/CD142 and POSTN, increased BCL6 and PTGS2/COX-2 expression levels in S3, and markedly expanded S4. We found features of these pathogenic alterations reflected in t-distributed stochastic neighbor embedding (tSNE) analyses of the above markers in healthy versus inflamed colonic tissues ( Figure 6B ). These observations were consistent with scRNA-seq analyses, which also revealed a compositional shift toward a more S4-abundant phenotype in inflammation ( Figure 6C ). CyTOF examination of multiple pairs of healthy and inflamed colonic tissues demonstrated highly consistent upregulation of CCL19, FDCSP, TNFSF14 (LIGHT), and IL-33 in disease ( Figures 6D-6F ), reflecting the emergence of a strong S4 signature. Other significantly changed subset-associated markers represent subsets 2-4 ( Figure 6F ), while the myofibroblast subset remained relatively unchanged in inflammation. Collectively, these data demonstrate CyTOF can monitor pathogenic colonic mesenchymal behavior in inflamed tissues and capture changes correlative of clinical disease activity in IBD.
Functional Attributes of Crypt Niche and Disease-Associated Colonic Mesenchymal Cells in Health and IBD
The localization of S2 cells close to the base of the colonic crypt ( Figure 1E ) and the factors they secrete ( Figures 1D  and 1E ) suggest a role to support intestinal epithelial stem cell function. To test this, we used a ''mini-gut'' culture system that allows the growth of human colonic crypts into organoids. In the absence of any stromal cells but presence of exogenous growth factors, human colonic crypts containing intestinal epithelial stem cells spontaneously formed self-organizing structures and differentiated into multi-fingered organoids after 10 days in culture (Figure 7Ai ). Adding F3 + stromal cells from healthy human colon led to the formation of spherical structures termed spheroids with very low levels of organoid budding over 10 days (Figure 7Aii ). In contrast, crypts cultured with F3stromal cells changed from a spheroid morphology into budding organoids over the same time course (Figure 7Aiii ). These results reflect events in stromal cell-free culture, where removal of Wnt and Nicotinamid from the organoid media caused sphere-like organoids to bud (Schwank et al., 2013) . Our data suggest that S2 cells promote colonic epithelial stem cell maintenance. Next, we investigated the effects of UC-associated S4 cells on the epithelium. We measured the effects of two S4 secreted factors, IL-6 and TNFSF14 (LIGHT), (Figure 7Bi ) on epithelial proliferative capacity using immunofluorescence and confocal microscopy. As observed in Figure 7Bii ), we found stimulation with both IL-6 and LIGHT led to a reduction in DNA replication using a short pulse of ethynyldeoxyuridine (EdU) as a measure of S phase cells.
We also tested the effect of these secreted factors on expression of intestinal stem cell and Wnt-responsive genes by realtime qPCR. Organoids treated with IL-6 or LIGHT for 4 days showed a marked decrease in expression of LGR5, OLFM4, AXIN2, ALDHA1, CDX2, and NOTCH1 ( Figure 7C ). To replicate the conditions of S2 depletion and S4 expansion in UC ( Figures  6E and 6F) , we performed the same experiment as above with IL-6 or LIGHT stimulation for 4 days following WNT withdrawal from the organoid medium. We then stimulated cells with IL-6 or LIGHT for another 4 days and quantified their effects by realtime qPCR. Interestingly, after withdrawal of WNT, LIGHT stimulation increased expression of typical stem cell markers ( Figure 7D ), such as LGR5, OLFM4, and AXIN2. We also found upregulated SOX9 and MSI1, considered damage-responsive ''reserve'' stem cell markers. However, other reserve stem cell markers (Barker, 2014) , such as LRIG1, HOPX, BMI1, PROM1, EPHB2, and KLF4, showed little or no change compared to untreated epithelial organoids (data not shown). IL-6 stimulation also induced an approximate 5-fold change in OLFM4 gene expression. We found no changes in expression of various differentiation markers in every condition. Interestingly, scRNAseq data generated in our lab from over 11,175 epithelial cells comparing healthy and UC patients showed a marked increase in OLFM4 expression (Figure 7Ei ) in the stem cells from inflamed tissues. We confirmed this observation by querying the GEO database (Edgar et al., 2002) . This analysis revealed OLFM4 upregulation in inflamed biopsies of UC patients compared to paired biopsies from uninflamed regions (Figure 7Eii ) from a genome-wide expression study comparing biopsies from 67 patients with UC and 31 control subjects (23 normal and 8 patients with inflamed non-IBD biopsies) (GEO accession GSE11223; Noble et al., 2008) . Taken together, our data suggest each sub-group of stromal cells has a defined role to maintain and regenerate the intestinal epithelium during health and disease.
Pathogenic Stromal Activity Exacerbates Colitis through Redox Imbalances
The Lox family of lysyl oxidase enzymes catalyze covalent crosslinking of collagen and elastin, generating hydrogen peroxide as a by-product (Csiszar, 2001 ) that elicits both tissue-local and systemic redox disturbances that perpetuate inflammation. In S4 cells from DSS colitis, Lox and Loxl1 are induced with high mesenchymal-specific expression ( Figure 7Fi ). Since oxidant stressors are inflammatory chemoattractants and factors in IBD pathogenesis, we hypothesized that blockade of Lox enzymes may decrease colitis severity. We administered the Lox/Loxl1 inhibitor b-aminopropionitrile (BAPN) to colitic animals. This treatment improved multiple disease parameters, including diarrhea score, cumulative blood score, and the colon weight to length ratio (Figure 7Fii ). To assess oxidative damage, we measured malondialdehyde (MDA) levels as an indicator of lipid peroxidation in the plasma of these animals. Inhibiting Lox enzymes completely normalized plasma MDA levels to those of healthy controls ( Figure 7G ), indicating Lox enzyme activities are the predominant source of systemic oxidative stress in DSS-induced colitis. Therefore, IBD-associated S4 is equipped to elicit redox imbalances to sustain inflammation and to induce proinflammatory factors.
DISCUSSION
Intestinal mesenchymal cells direct a complex network of crosstalk between immune, endothelial, and epithelial compartments, balancing tissue structural integrity and mucosal tolerance to bacterial and environmental antigens. Here, we undertook a single-cell census to define the extent of cellular heterogeneity within the colonic mesenchyme in mouse and man in health and colitis, with highly consistent results across all samples tested ( Figure S6 ). We identified populations of established cells, such as myofibroblasts and pericytes, and four additional distinct populations of fibroblast-like cells.
We identified a colonic crypt niche mesenchymal S2 population, which expressed F3/CD142 and the transcription factor SOX6 located in direct proximity to epithelial cells (Figure 1) . S2 was enriched for WNTs essential for stem cell self-renewal. In contrast to the small intestine, the colonic crypt does not harbor Paneth cells and relies on non-epithelial sources for Wnt ligands (San Roman et al., 2014) . Two recent murine studies deleted key proteins required for Wnt secretion in Foxl1-and Gli1-producing intestinal stromal cells, respectively, which led to crypt collapse and further supports S2 classification as a mesenchymal niche cell (Degirmenci et al., 2018; Shoshkes-Carmel et al., 2018) . We observed remodeling of S2 in IBD, likely contributing to epithelial barrier breakdown, which is a hallmark of this disease ( Figure 6 ). S2 consisted of two subpopulations (2a and 2b) and the role of each in crypt maintenance, inflammation, and cancer will be an important subject for further investigation.
In colitis, we observed the emergence of S4, which uniquely gained lymph node FRC-like features ( Figure 4H ). We found S4-expressed Lox and Loxl1 blockade attenuated DSS colitis and reduced circulating markers of oxidative stress (Figures 7F  and 7G ). IL-6 and TNFSF14 restricted colonic epithelial cell proliferation and induced expression of stemness genes, such as Lgr5 (Figures 7B-7E ). This may reflect recruitment of normally quiescent epithelial ''label-retaining cells'' (LRCs), that are recalled to the stem cell compartment following inflammation mediated injury (Buczacki et al., 2013) . Overall, we demonstrate stromal remodeling in IBD is functionally divergent in a subset-specific manner, where normal repair and regeneration responses mediated by crypt niche S2 are compromised, while continuous production of pro-inflammatory S4 factors prevent the resolution phase of a wound-healing response ( Figure 6 ).
Our study will enable future generations of Cre-expressing reporter and fate-mapping mouse lines to illuminate lineage relationships and functions of novel mesenchymal subtypes in vivo. Rinkevich et al. (2012) identified a mesothelial precursor lineage for colonic stromal cells. We identified Wt1 as a mesothelial marker segregating within murine S3 ( Figure 3G ), a possible progenitor population suggested by trajectory analysis (Figure 4A ). S3 also demonstrated increased mitotic activity ( Figure 4G ) in support of this hypothesis. Understanding the pathways underlying trans-differentiation will pinpoint mechanisms to enhance section of interest. For each experiment, 15 random fields were quantified for each treatment. n = 3 independent experiments. **p < 0.0001, *p < 0.001 Mann-Whitney U test. (C) Real-time qPCR measured stem cell markers (LGR5, OLFM4, AXIN2, NOTCH1, and ALDH1A1) and CDX2 gene expression after treatment of human colon organoids with IL-6 or LIGHT for 4 days in the presence of Wnt containing medium. (D) Real-time qPCR measured stem cell marker (LGR5, OLFM4, AXIN2, ALDH1A1, MSI1, and SOX9) and differentiation marker (KRT20, MUC2, and CDX2) gene expression after treatment of human colon organoids with IL-6 or LIGHT for 4 days in the presence of Wnt containing medium, with subsequent Wnt withdrawal and treatment with IL-6 and LIGHT for another 4 days. (E) OLFM4 gene expression from scRNA-seq of over 11,175 single cells isolated from healthy, non-inflamed and inflamed colonic biopsies (i), and gene expression from bulk RNA of inflamed and non-inflamed mucosa of IBD patients compared to healthy control samples. specific functional features of these cells and restore tissue homeostasis in diseases like IBD.
Up to 40% of IBD patients fail to respond to conventional immunotherapies. Our work demonstrates the utility of singlecell approaches to define common and divergent features of inflammatory diseases among species. This knowledge will better inform the design of updated models for drug development. Reducing complex scRNA-seq data to simple immune monitoring panels, such as the CyTOF panel generated in this work, will enhance stratification and immune monitoring of existing and new therapies in IBD.
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Software Animal studies Murine tissue was generated in a DSS challenge model conducted by Epistemâ Ltd. All procedures were certified according to the UK Home Office Animals (Scientific Procedures) Act 1986 (project license P9B86E6FD). C57BL/6 (Helicobacter pylori-free, murine norovirus-free) male mice (Envigo Laboratories, UK) were used in the study. Animals were 8-10 weeks old on supply and used at 10-12 weeks of age. All mice were held in individually ventilated cages (IVCs) in an SPF (Specific Pathogen Free) barrier unit. The animals were identified by numbered cages and by ear punches.
METHOD DETAILS
Dextran sodium sulfate challenge A total of 10 mice were randomized into two treatment groups of five mice each. One group received no treatment and the other received 1.75% DSS (36-50 kDa MW, MP Biomedicals, lot #M9147) in their drinking water from study day 0 until mice were euthanized on the morning of study day 7. DSS was made fresh daily. Animal well-being was monitored once daily from day 0 until the end of the study. All mice were weighed and assessed for stool consistency and the presence of overt blood in the stool or around the anus. The scores were summed to calculate a disease activity index (DAI) for each mouse on the final study day (Figures S4A  and S4B ). Mice were euthanized by cervical dislocation on study day 7. The large intestine was removed and flushed with icecold Dulbecco's (Ca 2+ & Mg 2+ free) phosphate buffered saline (D-PBS, Sigma, UK) containing 100 U/mL penicillin and 100 mg/mL streptomycin (Sigma, UK). The length and wet weight of the large bowel were recorded prior to transferring the bowel to a 50 mL centrifuge tube, filled with RPMI 1640 medium with GlutamaxTM (Thermo Fisher, UK) and 100 U/mL penicillin and 100 mg/mL streptomycin. Large bowel samples were maintained at 2-6 •C and processed the same day.
For studying the efficacy of LOX family enzyme inhibition, three groups of male C57BL/6J mice were treated as follows: Two groups received 1.75% DSS in drinking water from day 0; the third group (control) remained untreated. b-aminopropionitrile (BAPN, 3-Aminopropionitrile fumarate salt, Sigma) was administered daily to one group of DSS recipients from study day 0 at 100mg/kg by intraperitoneal injection with the final administration on day 6. The other DSS-recipient group received test item vehicle (sterile saline) by the same regimen. Body weight and blood/stool observations were recorded daily. All procedures were certified according to the UK Animal (Scientific Procedures) Act 1986. Quantitative determination of thiobarbituric acid-reactive substances (TBARS) in plasma was performed at the conclusion of the experiment as a measurement of lipid peroxidation, which results in the formation of MDA. MDA reacts with thiobarbituric acid to form TBARS (TBARS Parameter Assay Kit, R&D Systems).
Human colonic stromal cell isolation
Up to eight endoscopic forceps biopsies were collected in DMEM supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin and 10 mM HEPES on ice. Intact biopsies were incubated for 5 minutes at room temperature in ACK lysing buffer. After washing with PBS, the biopsies were dissociated using a human Umbilical Cord Dissociation Kit (Miltenyi Biotec) according to the manufacturer's protocol for fresh tissue with some modifications. Incubation time was reduced to 2 hours and mechanical dissociation was achieved by passing the suspension through an 18 gauge needle 5-10 times every 60 minutes. The resultant cell suspension was passed through a 70 mm cell strainer and centrifuged at 500 G for 5 minutes. Depletion of non-stromal cell types was achieved by MACS separation following the manufacturer's protocol with some modifications. The cell re-suspension buffer was substituted for HBSS with added penicillin 100 U/mL, streptomycin 100 mg/mL, HEPES 10 mM, EDTA 1 mM, and BSA 0.5% weight/volume. CD326 (EpCAM), CD45 and CD235a conjugated micro-beads were added to the cell suspension, and the mixture was incubated at 4 C for 15 minutes. Cells were then washed and loaded onto an LD column via a 35 mm pre-separation filter. The flow-through fraction was collected, and single cells pelleted by centrifugation at 500 G for 8 minutes.
Murine colonic stromal cell isolation
Colons were processed individually in parallel. Caecal pouches, mesenterium and fat were first detached and discarded. The remaining colon was opened longitudinally and cut into 1 cm fragments. These were incubated at 37 •C in RPMI with 0.1% BSA and 5 mM EDTA with horizontal shaking for 40 minutes to detach epithelial crypts. The crypt containing supernatant was discarded. Fresh RPMI with 0.1% BSA and 5 mM EDTA was added, and a further 15 minute incubation at 37 •C with horizontal shaking was performed to further deplete the epithelium. The tissue fragments were then washed and incubated in RPMI with added FCS (10%), HEPES (15 mM) and Collagenase VIII (100 U/mL, Sigma Aldrich) for 60 minutes at 37 •C with horizontal shaking. The resulting supernatant was passed through a 70 mm strainer and single cells were pelleted by centrifugation at 500 G for 8 minutes. Percoll gradient centrifugation was performed to remove non-cellular debris. Physiological 100% Percoll was made by combining 9 parts Percoll with 1 part 10X PBS. The cell pellets were resuspended in RPMI with 30% Percoll (GE Healthcare) and the resulting suspension layered over PBS with 70% Percoll in a 15 mL Falcon. Centrifugation at 900 G for 20 minutes (4 •C) was performed and the 30% / 70% interface layer was collected. MACS depletion of epithelial and hematopoietic cells was performed as for human stromal cells using in this case antibody-conjugated microbeads to murine EpCAM and CD45 (Miltenyi Biotec).
Single cell RNA sequencing, Fluidigm C1
Isolated single cells were re-suspended at a density of 700 live cells/ml in DMEM with 5% fetal calf serum (FCS). Cells were stained for DNA content and viability by supplementing the re-suspension buffer with NucBlue live cell stain (Life technologies, following the manufacturer's protocol) and propidium iodide 10 mg/ml final. Cells were captured on the C1 system (Fluidigm) and processed using the SMARTer chemistry (Clontech) according to the Fluidigm protocol. External RNA Controls Consortium (ERCC) RNA spike-in mix was added to the lysis buffer 1:4000. C1 integrated fluidic circuits (IFCs) were imaged prior to cell lysis to identify sites occupied by single viable cells for downstream analyses. cDNA samples were selected after analyzing the cell images and prepared for sequencing using the Nextera XT library prep kit (Illumina). Libraries were sequenced using either Illumina HiSeq2500 100 bp paired-end sequencing or Illumina HiSeq4000 75 bp paired-end sequencing.
In experiments involving human donors with ulcerative colitis, biopsies from inflamed and non-inflamed bowel regions were collected separately, and single cell isolation was performed for both sets of biopsies in parallel. The resulting single cell suspensions were counter-stained with either CellTracker Green CMFDA or CellTracker Orange CMRA in addition to nuclear and viability staining with NucBlue live cell stain and Live/Dead fixable Far Red cell stain (all Life technologies). Counter-stained cell suspensions were mixed 1:1 immediately prior to loading onto the C1 IFC. Subsequent imaging and downstream processing was performed as above.
10x library preparation and sequencing Single cell suspensions were captured using the 10X Genomicsâ Chromium Single Cell 3 0 Solution according to the manufacturers protocol. Cells from 3 DSS and 3 control mice were resuspendedseparately in PBS with 0.04% BSA at a density of 500 cells per mL. Murine RAW 264.7 macrophages stably transduced with a lentiviral expression construct containing an Aspergillus fumigatus blasticidin resistance gene and a monovalent citrine (mCitrine) yellow fluorescent protein (YFP) gene were spiked into the primary cell suspensions (5%). scRNA-seq libraries were generated using the Chromium Single Cell 3 0 Reagent Kit v2 (10X Genomics). Briefly, a single-cell suspension in PBS with 0.04%BSA was mixed with RT-PCR master mix and loaded together with Single Cell 3 0 Gel Beads and Partitioning Oil into a Single Cell 3 0 Chip (10X Genomics) according to the manufacturer's instructions. 3,500 cells were loaded into each reaction. RNA transcripts from single cells were uniquely barcoded and reverse-transcribed. cDNA molecules were pre-amplified fragmented, end repaired and ligated with Illumina adapters as per manufacturer's protocol' to generate a single multiplexed library that was sequenced over 3 Illumina HiSeq 4000 lanes. All libraries were quantified by Qubit and the size profiles of the pre-amplified cDNA and sequencing libraries were examined by the AATI Fragment Analyzer. For sequencing of human stromal cells, colonic biopsies were digested to obtain a single cell suspension (Umbilical Cord Dissociation Kit, human, Miltenyi) . Undigested epithelial colonic crypts were removed by filtration, then the stromal fraction was enriched by MACS-depletion of CD45 + , EpCAM + and CD235a + cells. Simultaneous sample loading onto Chromium Single Cell A Chips was performed for each pair of healthy donor and patient samples. 7,000 cells were loaded for each set of reactions. Subsequent library generation was performed for all samples simultaneously as described above. Sample pooling was performed based on molarity and a single multiplexed library was sequenced over 4 Illumina HiSeq 4000 lanes.
Flow cytometry
Cells were extracted from biopsies obtained from healthy donors or ulcerative colitis patients with active inflammation. Subpopulations of cells were visualized using antibodies against cell surface markers (see Key Resources Table) , then fixed and permeabilized using either the Foxp3 / Transcription Factor Staining Buffer Set (eBioscience) for detection of nuclear targets or Cytofix/ CytopermTM (BD) for the detection of cytoplasmic targets. Intracellular targets were stained using either primary antibodies preconjugated using Lightning-LinkQR (Innova Bio-sciences) or a combination of primary antibody followed by secondary antibody staining (see Key Resources Table) . For the detection of CCL19 and IL33, freshly-isolated cells were stimulated with PMA (0.2 mM) / ionomycin (1 mg/ml) for 4 hours in the presence of Brefeldin A (10 mg/ml) or in Brefeldin A alone without stimulation, respectively. Where appropriate, an anti-fibroblast antibody (Miltenyi) was used for fibroblast visualization in combination with other cell surface markers, as expression of this antigen is not fibroblast-specific. Data were acquired on BD LSRII or BD Foretessa Instruments with FACS Diva. Data analyses were performed with FlowJo (Tree Star).
Mass cytometry time-of-flight
Lanthanide metal-labeled antibodies were obtained from Fluidigm or by conjugation of metal isotopes to purified antibodies using Maxpar Conjugation kits (Fluidigm). Biopsies from patients and healthy donors were digested using collagenase from Clostridium histolyticum (collagenase Type VIII, C2139, SIGMA) to obtain a single cell suspension after removal of undigested epithelial crypts by filtration. Cells were stained for surface markers followed by cisplatin staining was for dead cell exclusion, then cell fixation and permeabilization was performed using the Maxpar Nuclear Antigen Staining Buffer Set (Fluidigm). The Maxpar nuclear staining protocol was used for the simultaneous detection of cytoplasmic and nuclear targets. Iridium (191Ir) was used for cell visualization. Cells were acquired and analyzed on a CyTOF Helios mass cytometer and data were exported as FCS files. Gating was performed on single live CD45 -EpCAM -CD31events for subsequent analyses of stromal events. Data analyses were performed using FlowJo (Tree Star).
Assessing Organoid proliferation
EdU staining to analyze cell proliferation was performed using the Click-iT EdU Alexa Fluor 647 imaging kit (Invitrogen). Organoids were incubated with 5 mM EdU for 6 hr followed by fixation for 20 min with 4% para-formaldehyde. The Click-iT reaction cocktail was added according to manufacturer's protocol and incubated for 30 min. Nuclear stain (DAPI 1ug/ml -Sigma Aldrich) was added for 5 min. Whole mount images were obtained via z stack reconstruction using the Leica SP-8. Quantification presented as the percentage of EdU positive cells relative to the total number of nuclei counted. A minimum of 500 cells from 15 images in 3 independent experiments are presented.
Organoid RNA isolation and quantitative RT-PCR For RNA isolation, organoids were harvested by dissolving Matrigel including organoids with ice-cold PBS. Following centrifugation at 300g for five minutes at 4 C, the supernatant was discarded and the pelleted organoids were resuspended in 350uL of RLT buffer (QIAGEN). Total RNA was isolated using the RNeasy Mini Kit (QIAGEN) according to the manufacturer's instructions. cDNA was synthesized using iScript cDNA Synthesis Kit (Bio-Rad) following the manufacturer's instructions. Quantitative RT-PCR was performed using TaqManâ gene expression assays. Taqman Gene Expression assays used are listed in the key resources table.
QUANTIFICATION AND STATISTICAL ANALYSIS
Bioinformatic approach, Fluidigm C1 Alignment and transcriptome assembly Reads were demultiplexed using the index barcodes to generate single cell libraries. Adaptor sequences (IlluminaP7, Nextera, SMARTer) were trimmed using the Skewer package (Jiang et al., 2014) , then aligned to an Ensembl GRCh38 human genome index with HISAT (Kim et al., 2015) . Sorting and duplicate read detection was performed using Picard Tools (http://broadinstitute.github.io/ picard/) prior to summarization with featureCounts (Liao et al., 2014) using Ensembl Release 84 (March 2016) transcriptome annotation. Reads flagged as optical duplicates, multi-mapping and ambiguously mapping reads were discarded. Cell and gene QC Raw sequence QC reports were generated with FastQC using default settings (http://www.bioinformatics.babraham.ac.uk/projects/ fastqc/). These and other QC outputs generated by the pipeline tools above were collated using multiQC, imported together with gene count tables into R, and assembled into an SCESet object using the package scater (McCarthy et al., 2017) . Single cell libraries were assessed against a panel of QC metrics including total reads aligning to genomic features, number of unique genes detected, sequencing saturation, the proportion of reads mapping to ERCC controls, and the proportion of reads mapping to mitochondrial features. Libraries performing poorly across these metrics, with reference to bulk and empty capture site controls where appropriate, were removed from the dataset. Library size normalization Library size normalization was performed first by using the R package 'scran' to generate cell-based scaling factors (Lun et al., 2016) . Normalized read counts were converted to variance stabilized expression values by log2 transformation with an offset of 1. A meanvariance trend was then fitted to the expression values. Control genes were identified in silico as genes with total variance below the fitted value. These genes were considered to show only technichal variability and were used to perform a further normalization step using the 'RUVg' method from the R package 'RUVseq' (Risso et al., 2014) . Weighted gene co-expression network analysis Gene co-expression network construction was performed in R using the package 'WGCNA' (Langfelder and Horvath, 2008 ). An expression matrix of biologically variable genes and cells passing QC was converted to a pairwise gene adjacency matrix by Pearson correlation. Negative correlations were set to zero (a 'signed-hybrid' network). This was, in turn, converted to a dissimilarity matrix by subtraction from 1 and a soft-thresholding power of 4 was applied. As a further noise-filtering step, an expression level threshold was set that represented 'high confidence' detection of a gene, and pairwise connectivities based on few cells with 'high confidence' detection of both genes were removed from the network prior to clustering and module detection. The 'high confidence' thresholds used were between 5 and 8 normalized counts while the minimum cell number was 3 or 4 depending on the dataset. Genes remaining in the filtered dissimilarity matrix were hierarchically clustered by average linkage, and the resulting clustering tree was cut to find co-expression modules using the 'cutreedynamic' function with a deep split setting of 3 and a minimum module size of between 30 and 50 genes. Cell clustering Following module detection, a matrix comprising expression values for all genes assigned to modules was used as a basis for cell clustering by non-negative matrix factorisation using the R package 'NMF' (Gaujoux and Seoighe, 2010) . 50 randomly initiated runs were performed to generate a consensus clustering matrix with values between 1 (cells always in the same cluster) and 0 (cells never in the same cluster). We surveyed a range of possible rank values, calculating cophenetic correlation, average silhouette width, factor dispersion, and RSS, seeking the first local maximum in the first three measures and the inflection point in the last. The same metrics were calculated for randomized data by independent permutation of the gene expression values as a control. The optimal rank values of 4 and 5 were used for the healthy and UC datasets respectively.
Marker genes and ontology enrichment
For each gene, mean expression levels were calculated in each cell cluster, and a binary classifier was constructed to test the ability of that gene to distinguish cells in the cluster with the highest mean expression from the remaining cells. This was quantified in terms of the area under the ROC curve. The top 200 genes for each cluster, ranked in this way, were selected as candidate marker genes. Biological process GO enrichment was performed both on detected gene modules and cluster marker genes using a hypergeometric test with correction for multiple testing using the Benjamini & Hochberg (BH) method with both p value threshold and false discovery rate set to 0.05. Dot and network plots were produced with the package 'clusterProfiler' in R (Yu et al., 2012) .
Reduced dimensionality representations
Principle component analysis (PCA) was performed using the function 'prcomp' in R. T-distributed stochastic neighbor embedding (t-SNE) was performed using the package 'Rtsne' with an initial PCA step. Ten randomly initiated t-SNE runs were performed and the solution with the lowest Kullback-Leibler divergence was selected for visualization.
10x genomics computational analysis Cellranger Pipeline The Cell Ranger version 2.1.1 software suite was obtained from 10x Genomics (https://support.10xgenomics.com/ single-cell-gene-expression/software/downloads/latest). Raw sequencing data was first de-multiplexed using the Illumina bcl2fastq software to generate separate paired-end read files for each sample, which were quality-checked using FastQC software. For murine sample libraries, alignment and transcript quantification was performed with the standard Cell Ranger 'count' script against a custom genome reference incorporating the University of California Santa Cruz (UCSC) mm10 murine genome assembly and the lentiviral construct present in the control cells. Replicate control and DSS samples were then aggregated using the Cell Ranger 'aggr' script with the default normalization step (by down sampling) disabled. Similarly, Cell Ranger 'count' script was also used to align human fastq files to the human hg38 assembly analysis set reference genome (UCSC). UMI counts were summarized using Ensembl gene annotation GTF file obtained using the UCSC Table Browser tool. Replicate HC and UC samples were aggregated using the Cell Ranger 'aggr' script as described before. The raw (unfiltered) count matrices of both human and mouse data were imported into R for further processing. Identification of cellular barcodes and QC Raw expression matrices output from the Cell Ranger pipeline were first filtered to remove barcodes with fewer than 250 unique molecules detected. A density plot of total unique molecular identifiers (UMIs) was then constructed for the remaining barcodes ( Figure S6A ). This revealed a bimodal distribution with the higher peak representing Gel Beads in emulsion (GEMs) that successfully captured cells. The UMI threshold was set at the first local minimum on the density plot for each sample and barcodes with fewer UMIs were removed. In addition to cells with low total UMI counts, cells with high percentage of UMIs (> 5%) originating from mitochrondrial features were also filtered out at this stage.
Initial clustering was performed using the R package 'Seurat' (Version 2.3.0) . Low-expressed genes (detected in fewer than 3 cells) were first removed, then variable genes were annotated by examination of the mean-variance relationship. Variable genes met the following criteria: 0.0125 < mean of non-zero values < 4 AND standard deviation > 0.5. Dimensionality reduction was then performed using PCA. In mouse data, the first 10 principle components were used to generate an initial clustering using the Seurat community detection algorithm to identify the control cell cluster. Control cell cluster was detected based on expression of the lentiviral blasticidin resistance gene and known macrophage markers and was excluded from subsequent analyses. Cell cycle annotation and clustering Cell cycle stage annotation was performed using the 'cyclone' function from the R package 'scran', (Version 1.6.9), which implements a previously published robust gene-pair based prediction method (Scialdone et al., 2015) . Unwanted variation due to library size (total UMIs), experimental batch and the G1 and G2M cell cycle scores was then regressed out. PCA was repeated using the adjusted expression values. The number of principle components used as a basis for clustering was determined by examining the scree plot and the statistical jackstraws test, which determined the robustness of a principle component by repeated permutation of small fractions of the dataset. All significant principal components detected by the jackstraw test were used to generate final Seurat clusters and accompanying t-SNE plots for visualizations. Random Forest Models Random Forest models were trained in R using 'randomForest' R package (Liaw, 2002) with scaled and normalized gene expression values (see above, Seurat methods) for each gene as training features and the following parameters: ntree = 1000; mtry = square root of total genes in each model. Feature selection was performed by recursive feature elimination using 'caret' R package (Kuhn, 2008) with 10-fold cross-validation using mouse or human gene expression as training data for each respective model. Due to unbalanced class distribution in human scRNA-seq data, prior to feature selection and model training, cells from human S1 and S2 clusters were down-sampled and cells from human S4 cluster were up-sampled using SMOTE algorithm (Torgo, 2010) to obtain a balanced training dataset. SMOTE implementation in 'DMwR' r package was used with the nearest neighbor parameter k = 5 for generating new minority class observation examples.
For cross-species Random Forest models, the data were pre-processed as follows. Human-mouse gene orthologs were obtained from Ensembl using the Biomart tool, and genes were filtered to remove genes with 'one-to-many',' many-to-many' and 'many-toone' relationships. The remaining gene orthologs were further filtered to keep only mappings with minimum 75% sequence identity 
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